Abstract-In this paper, we present a new optical computed tomography (Optical-CT) scanner for the verification of the radiation dose schemes delivered in modern radiotherapy applications. The optical-CT scanner is capable of providing rapid relative 3-D dosimetry with high spatial resolution with the use of normoxic N-Vinylpyrrolidone based polymer gel dosimeter. The scanner employs a diffuse uncollimated light illumination beam, a computer controlled motorized rotation stage and a charge-coupled device (CCD) camera. Various test experiments were performed to determine the performance characteristics of the optical-CT apparatus. Attenuation coefficient ( ) versus dose calibration data were generated from two calibration experiments using gel containers of two different diameters. All irradiations were performed using a 6 MV linear accelerator. A comparison of the reconstructed images between optical-CT scans using refractive index (RI) matching fluid and corresponding scans performed in free space was demonstrated. The dose readout of a test irradiation model was found to be in good agreement with independent readout performed by MR imaging. The findings presented in this study suggest that polymer dosimeters combined with the new optical-CT scanner constitute a potentially feasible method capable of measuring complex 3-D dose distributions with high resolution and in a wide dose range.
I. INTRODUCTION
O PTICAL computed tomography (optical-CT) and diffuse optical tomography are new imaging techniques, which have been successfully applied in biomedical and basic biologic research for 3-D imaging of small animal models [1] - [5] . Optical-CT may be considered the optical equivalent of X-ray CT scanning, provided that the sample under investigation is optically translucent and photon propagation is governed by Beer's law. Three-dimensional radiation dosimeters including polymer gels and radiochromic dosimeters fulfill the above requirement. Being originally translucent, their optical properties are appropriately modified in the presence of ionizing radiation. Optical-CT enables the visualization of the imparted radiation dose schemes in 3-D through the quantification of the changes in the optical properties of the irradiated dosimeters. Capable of providing images with high spatial resolution and low noise, optical-CT has offered a low cost alternative to other imaging modalities such as magnetic resonance imaging (MRI) and X-ray CT, which have also been employed for 3-D radiation dosimetry. The limited availability of those systems in the clinical environment and the need of expertise knowledge, especially on quantitative MRI imaging, are limiting factors for the wide use of these modalities.
Various optical-CT instruments have been developed since the introduction of the first gel dosimetry optical-CT system [6] . These setups are discriminated in two categories based on the optical configuration they adopt. The first employs a single detector and laser beam, which scan the dosimeter point by point to create 2-D maps of the light attenuation through the dosimeter [7] - [11] . The 2-D maps are then combined in the third spatial dimension to create 3-D representations of the radiation pattern. Although this configuration constitutes the most accurate method with measurements minimally affected by scattered light, it is slow requiring approximately 7 min of data acquisition per slice. The data acquisition speed of this configuration was recently significantly improved with the embodiment of galvanometer mirrors [12] . The second optical design set up is based on a combination of a wide field light illumination source and a wide area detector [13] - [18] . In this configuration 2-D angular image projections are acquired thereby generating multiple slices of the dosimeter simultaneously. The latter allows for very fast volumetric data acquisition times in the order of 5-6 min. However, the dose measurements provided by these scanners may suffer from scatter contamination owing to the wide area of detection. In most of the above mentioned optical-CT systems, scanning is performed with the dosimeters immersed within tanks containing refractive index matching liquid solutions. Wuu et al. [19] have shown that free space scanning may be applied if the laser scanning beam is confined within one third of the cylinder diameter to avoid optical aberration. To our knowledge there are no data on the application of free space scanning using the wide illumination and area detector optical configuration.
Despite the advances in research and development of optical-CT systems, there is still much effort placed towards the manufacture of optical based scanners that will meet the needs for robust 3-D radiation dosimetry. These systems should 1) provide dose measurements with high accuracy and precision, based on the directives of the international commission on radiological units (ICRU), [20] 2) incorporate fast data acquisition, yielding the dosimeter-imparted 3-D dose distribution and the comparison to the treatment plan in a few minutes, and 3) require the minimum user intervention to operate. As a consequence, these systems should be conveniently integrated in the routine clinical practice of a radiotherapy department.
The purpose of this study was to 1) develop and evaluate the performance of an in-house bench top wide illumination and area detection optical-CT scanner for the 3-D readout of normoxic N-Vinylpyrrolidone based polymer gel dosimeter, and 2) investigate whether the optical configuration adopted by this scanner enables free in space scanning.
II. MATERIALS AND METHODS

A. Optical-CT System: Design and Set Up
A schematic drawing of the optical-CT apparatus is shown in Fig. 1 . An array of 75 red light emitting diodes (LED, Novalight, Greece) provides an uncollimated 8 cm 8 cm field illumination. The central wavelength of the emitted light is 633 nm (30 nm bandwidth). A white translucent acrylic thin sheet, which acts as a diffuser, is placed between the LED array and the dosimeter sample accomplishing homogeneous illumination. The LED to dosimeter distance is 35 cm. The dosimeter is positioned on a motorized rotation stage (8MR190-2, Standa, Lithuania). A lathe chuck, properly attached on the rotation stage, ensures that the rotational axis of the rotation stage coincides with the rotational axis of the dosimeter sample. Moreover, the lathe chuck secures that the dosimeter container is always placed in the same position when repositioning a dosimeter throughout the experiment runs. The movement of the rotation stage is controlled from a personal computer (PC) via a microcontroller. The sample is rotated stepwise through a 360 revolution with an image projection captured at each step of 1 . Sub degree rotational steps may be selected. The dosimeter is immersed in a rectangular tank, which contains a refractive index (RI) matching fluid. This is used to minimize the reflection and refraction of light at the interface between gel, glass container and air, which exhibit a different RI. The RI matching fluid constitutes a solution of glycerin diluted in water at a 25% weight fraction (w/f). To investigate whether the use of the cumbersome RI matching tank can be eliminated, all dosimeter scans were repeated free in space. Capturing of the projection images is performed with a 12 bit monochrome, 640 480, 1/2 in, CCD camera (ICX-414AL, Sony) and a macro zoom lens 12.5-75 mm with a lens aperture size 50 mm (7000E, Navitar, NY). The dosimeter to CCD distance was 25 cm. In most dosimeter scans the zoom level was set to cover a 9 cm 11 cm field-of-view (FOV). The CCD chip is oriented such that the rows of CCD pixels are aligned perpendicular to the rotational axis. Typical exposure times ranged from 200 to 500 ms per projection and the total imaging time for a 360 sample revolution ranged from 4 to 6 min. The camera uses the IEEE-1394 data transferring protocol and it is capable of acquiring images at a rate of up to 86 frames/s. The camera shutter and gain are controlled from the PC through the same line used to transfer imaging data. Prior to the image acquisition the user tunes the shutter speed appropriately so that the displayed gray value approaches the value of 4096. This ensures that the dynamic range of the CCD is fully exploited. The iris diaphragm of the zoom lens was set at a quite small opening, such that the depth of focus (DOF) spans the full diameter of the gel container, while maintaining a reasonably good signal-to-noise ratio. A transparent plate, marked with a grid template, was used to define the DOF. Focused images were obtained for various plate-to-CCD distances along a length of at least cm and cm away off the axis of the rotation stage. In-focus data were thus recorded from all parts of the gel volume for every image projection. Specially developed software (in-house written in LabView code) is employed for the control and synchronization of the camera with the rotation stage as well as for the 3-D reconstruction of the acquired projection data.
In the optical configuration setup described herein parallel beam geometry is assumed. This assumption may be safely considered valid when the iris aperture of the zoom lens is set at a small opening. Image projections are represented as line integrals generated from multiple sources that emit light along parallel rays in a certain direction. These rays are spaced 1 pixel unit apart. To reconstruct an axial image consecutive parallel ray image projections are captured at different angles . These are transformed according to Beer's law to calculate the sums of attenuation coefficients of the dosimeter according to the following equation: (1) where is the two dimensional representation of the attenuation coefficient of the dosimeter confined on a single axial plane , is the element of length along the ray where integration is carried out, is the measured light intensity of a row of pixels that is transmitted through the irradiated dosimeter at a specific angle , and is the corresponding measured light intensity that is transmitted through the unirradiated dosimeter at the same . Thus, is the value of the net attenuation coefficient originating from the radiation induced change only. The value of is the dark count measurement acquired by a row of pixels with the CCD lens cap on. The angular sequence of the measured light intensities from a row of pixels forms a sinogram that reconstructs the corresponding axial slice using standard filtered back projection algorithm (inverse Radon transform) [21] . This slice is the 2-D distribution of the attenuation coefficients of the dosimeter due to the radiation induced change. The Ram-Lak filter was applied for the filtered back projections [21] .
B. VIPET Polymer Gel Dosimeter and Dose Calibration
A normoxic N-Vinylpyrrolidone based polymer gel dosimeter with tetrakis (hydroxymethyl) phosphorium chloride (VIPET) was employed in this study. The mixture composition of the VIPET gel is constituted of the monomer N-vinylpyrrolidone in 4% w/f, the cross-linker N, N-methylenebisacrylamide in 4% w/f, the gelatin (type A, Bloom) in 7% w/f, and double-distilled deionized water in 87% w/f. The antioxidant constituent tetrakis (hydroxymethyl) phosphonium chloride in 5 mM concentration was used to scavenge molecules that inhibit polymerization. The gel manufacturing procedure has been described in detail elsewhere [22] . All gel vials were allowed to solidify and stored at room temperature for 24 h before irradiation.
The VIPET gel material was poured into cylindrical, 2 cm diameter, glass vials. The vials were irradiated to known doses up to 96 Gy using a 6 MV linear accelerator (Primus, Siemens, Germany). Each gel vial was placed in a solid water phantom of adequate thickness to provide the required build up and scattering conditions. The vials were irradiated at a uniform 10 cm 10 cm field, at 100 cm "source to skin distance" (SSD), directed perpendicular to their cylindrical axis. To prevent a dose gradient along the diameter of the gel vial, they were turned 180 halfway through the irradiation. One glass vial was unirradiated to serve as the reference. The above samples were scanned with the optical-CT apparatus to generate versus dose calibration data. To investigate the temporal stability of the derived , these vials were additionally scanned several times over a 30 days time period using the same scanning parameters.
To investigate whether dose calibration data derived above are affected by the pathlength of the irradiated gel material, another gel batch was manufactured, and the calibration procedure was repeated with the gel poured into cylindrical glass vials of 5 cm diameter. Each vial was 7 cm long. Using the same beam as above, each vial was irradiated with the beam incident parallel to the axis of the cylindrical vial. A dose value at each level along the cylindrical axis of the dosimeter was thus possible based on percent depth dose (PDD) data. To span a dose range from 32 to 2 Gy, each of the vials received a different dose at . The PDD data were measured on a separate experiment using a water phantom and a 0.3 cm ionization chamber (M 31003, PTW, Freiberg, Germany).
C. Performance Evaluation of the Optical-CT System
A number of test experiments were performed to determine several performance characteristics of the optical-CT system. To establish the range of the doses within which the optical-CT apparatus may reliably operate, we scanned the 2-cm-diameter calibration dosimeters. An unirradiated sample was used as the reference. The reconstructed axial images generated by the reference sample were subtracted from each of the corresponding images generated by the irradiated samples to derive the dosimeter's net . To determine the image quality we measured the image noise and the signal-to-noise ratio (SNR) of the reconstructed images. The former was measured as the standard deviation (SD) of the reconstructed pixel values in 1 cm circular regions of interest (ROI). The latter was calculated as the ratio of the mean reconstructed pixel value within a ROI to the SD. These parameters were determined on images taken from gel samples homogenously irradiated to a range of doses. The variability of the reconstructed signal from slice to slice and from scan to scan was evaluated for an unirradiated gel sample. With the zoom lens set to cover a 9 cm 11 cm field-of-view the pixel resolution of the projected images was . To determine the actual in-plane spatial resolution of the reconstructed images we prepared a uniform unirradiated cylindrical gel phantom, 5 cm in diameter, in which a 360-diameter optical fiber was longitudinally embedded. Axial 2-D reconstruction images of the fiber were derived upon optical-CT scan of the phantom. The Fourier transform of the profile curve taken along the middle line of the fiber in the reconstructed axial slices provided the modulation transfer function curve (MTF).
D. Experimental Irradiation
To realize a radiotherapy treatment model the VIPET dosimeter was irradiated with two identical rectangular beams (1 cm 1 cm, 6 MV, SSD 100 cm). The first irradiation beam was directed along the cylindrical axis of the 5-cm-diameter and 7-cm-long dosimeter. The second irradiation beam was directed diagonally relative to the first beam at an angle of 30 . This irradiation treatment model was used because it represents a simple verification experiment of a well defined dose pattern with steep dose gradients in 3-D. A reference scan with the dosimeter unirradiated was performed immediately before irradiation. To evaluate the temporal stability of the dose pattern, the dosimeter was scanned several times over a 30 days time period with the same scanning parameters. The acquired datasets were normalized to convert to relative dose distributions. Normalization was performed against the maximum dose, which is imparted at the axial level where the two beams are spatially coincident.
As stated in Section II-A parallel beam geometry may be safely employed in this optical configuration set up. In parallel beam geometry the projections that are 180 apart, are mirror images of each other. Thus, there should be no difference in the reconstructed images derived from a 360 versus 180 reconstruction. To verify the above, we have compared the axial slices derived from 360 to the corresponding slices derived from 180 reconstructions.
E. Magnetic Resonance Scanning of the Dosimeters
To verify the radiation dose pattern determined with the optical-CT system, the dosimeters described in Section II-D, were additionally scanned on 1.5 T MR scanner (Vision/Sonata, Siemens). A phased array head coil was used for imaging. The transverse spin-spin relaxation time maps (T2) of the dosimeters were determined using a 2-D multislice-multiecho (32 echoes) spin echo phase-alternating phase-shift (MSMESE-PHAPS) train sequence (TR/TE1/TE32/FA, 8500 ms/25 ms/800 ms/180 ) [23] . 3-D T2 matrices were constructed by the acquired T2 maps and they were subsequently converted to relaxation rate matrices. An imaging time of 25 min allowed the acquisition of multislice images with 0.8 mm in-plane resolution and 5 mm thickness. The methodology followed for MR data handling and quantitative image analysis have been described in detail elsewhere [24] . Fig. 2 illustrates the -dose calibration curve derived from the 2-cm-diameter gel dosimeters, which were homogeneously irradiated to known doses up to 96 Gy. This dose calibration data set was obtained from scans performed with the dosimeters immersed in the tank with the RI matching fluid. As seen in the Fig. 2 , and dose are linearly related for doses up to 32 Gy. The calculated begins to exhibit a saturation behavior at higher doses. This is attributed to the strong attenuation at high doses and the consequent increased collection of the forwardly scattered light [9] . The -axis error bars are related to the standard deviation (SD) in the measurement. Each point is a mean of the reconstructed pixel values calculated within a 1 cm ROI (2800 pixels) of each axial image. The SD of these values was within mm for doses up to 32 Gy. The SD was increased up to mm for higher doses. These values provide an estimate of the noise in the reconstructed images. The calculated SNR was found to increase linearly with dose from 5, at 2 Gy, to 40 at 32 Gy. Above that value SNR did not exhibit a considerable improvement. The linear fit between and dose ( ), in the 0 to 32 Gy dose range provided the values of dose sensitivity (á) and offset ( 0). These were found to be mm and mm , respectively. The " " values calculated from the linear fits at different times postirradiation are shown in the inset of Fig. 2 . These values show that " " had increased by 13% after 17 days, while it did not show a considerable variation (1%) since 30 days postirradiation. This finding suggests that the polymerization continues for several days postirradiation until a steady state is reached. Care was thus taken to ensure that all dosimeter scans were performed in the same time scale at 24 h postirradiation for comparative measurements among experiment runs. The measurements performed to estimate the inter slice variability of the calculated values among consecutive axial images of an unirradiated gel yielded a signal variation of mm . The evaluation of the error introduced in the calculation of among five optical-CT scans of the same unirradiated dosimeter under identical conditions showed that was within mm . At the zoom level setting used in our experiments the full width at half maximum of the reconstructed fiber was 860 . The calculated MTF was greater than 10% down to approximately 1.1 mm , which implies that the system generates image slices with sub-millimeter spatial resolution. It should be mentioned that the method selected herein to determine the resolution of the imaging system may underestimate or overestimate the MTF [25] . Ideally, the resolution of our apparatus might be estimated using the dose-modulation transfer function concept [26] . This method is based on imaging gels irradiated with very fine dose modulations. However, this approach is not practical because complex radiation absorbing grids need to be fabricated. Fig. 3(a) illustrates a raw projection image of the unirradiated, 5 cm diameter, gel container immersed in the RI matching fluid and Fig. 3(b) illustrates a raw projection image of the same gel container in free space. As seen in Fig. 3(a) the borders of the glass container are well delineated, whereas in Fig. 3(b) these borders are artificially imaged as a single broad dark band. This is quantitatively illustrated in Fig. 3(c) where the intensity profile curves along the lines shown in Fig. 3(a) and (b), are depicted. The inability of the imaging system to discriminate the boundaries among gel, glass, and air [ Fig. 3(b) ], is attributed to the RI mismatch of the three materials. Fig. 3(d) and (e) illustrates raw reconstructed axial slices across the levels shown with the lines in Fig. 3(a) and (b) , respectively. Fig. 3(d) and (e) have not been corrected using background subtraction. Fig. 3 (f) Fig. 3(d) and (e). A comparison between these two raw profiles shows that both reconstructions behave similarly. In the case of the gel scanned in free space there is an overestimation in the areas close to the glass walls. However, the majority of free space scanned gel's volume is reconstructed in homogenously distributed values. Table I lists the calculated dose sensitivity ( ), offset ( ), and the correlation coefficient of the linear fits performed on the -dose calibration data derived from four different data sets. The results shown in Table I , indicate that the dose sensitivity is not considerably affected by the diameter of the cylindrical dosimeter. A slight increase in " " of 3.1% and 3.5% for scans performed with the RI matching liquid and in free space, respectively, might be attributed to the increased scattering that is taking place within a larger irradiated volume when compared to a smaller one. A slight change in " " is also expected among polymer dosimeters originated from a different batch [22] . The results on dose sensitivity listed in Table I confirm that the PDD based calibration procedure exhibits a higher accuracy than the method, which uses several samples irradiated to few known doses, i.e., versus 3.8% [9] , [27] . Moreover, the results shown in Table I indicate that the " " derived from scans performed in free space is lower than the corresponding " " achieved when the same scans are performed with the use of RI matching fluid. In particular, " " is reduced by 9.6% for the 2-cm vials and by 9.3% for the 5-cm vials. Fig. 4 depicts a four graph panel illustrating the profiles drawn along the diameter of the reconstructed axial slices for the 2 cm and the 5 cm calibration samples at different doses. Shown in Fig. 4(a) and (b) are the profiles derived from scans with the dosimeters immersed in glycerin and in Fig. 4(c) and (d) are the corresponding profiles derived from the scans performed in free space. From Fig. 4(a) and (b) , it is clearly seen that the profile at each dose is constant over the entire diameter of the gel dosimeter. On the contrary, as seen in Fig. 4(c) and (d), these profiles exhibit a "dishing" effect, mainly in the areas near the vial walls [described also in Fig. 3(f) ].
III. RESULTS AND DISCUSSION
A. Performance Evaluation of the Optical-CT Apparatus
B. Comparison Between Scanning a Dosimeter Within the RI Matching Fluid and in Free Space
C. Effect of the Volume of the Dosimeter on Dose Sensitivity
This effect is associated to the mismatch in the RI among gel, glass and air, which creates unwanted reflection and refraction of the transmitted light at the interface of the vial wall. As a consequence the useful volume of the dosimeter is limited to about 1.2 cm of the 2 cm diameter vial cross section and to 3.5 cm of the 5 cm diameter vial cross section. The above findings agree with the results presented in Section III-B. In the case where diffuse uncollimated light traverses a constantly attenuating gel material along the entire diameter of the dosimeter, the use of the RI matching fluid might be eliminated at the expense of a significant amount of the gel's useful volume. A similar finding has been presented by Wuu et al. [19] , who have also performed free space optical-CT scanning of polymer gels using a laser beam illumination configuration. As stated by Wuu et al. [19] the scan range of laser light ray should be confined within 1/3 of the cylinder diameter so that the optical aberration of the cylinder can be safely neglected. Fig. 5 is a representative raw projection image of the dosimeter irradiated with the two intersected beams (a) and the intensity profiles at three different levels along the cylindrical axis of the dosimeter (b)-(d). Level 1 corresponds to the plane where the two beams are spatially coincident, while levels Fig. 6. (a), (b) , and (c) Reconstructed optical-CT axial slices (190 m thickness) at the levels 1, 2, and 3 shown in Fig. 5(a). (d) , (e), and (f) Profile curves taken along the lines indicated in (a), (b), and (c). 2 and 3 correspond to planes where the beams are partially overlapped and completely separated, respectively. Each figure in Fig. 5(b)-(d) illustrates three intensity profile curves derived from the pre-and post-irradiated dosimeter along with the net , which is obtained after subtraction. Fig. 6 depicts the reconstructed axial slices (a)-(c) at the three levels shown in Fig.  5(a) , and the corresponding profile curves (d)-(f) along the lines drawn over the irradiated regions as shown in Fig. 6(a)-(c) . The images shown in Fig. 6(a) -(c) were derived by subtracting the preirradiated from the post irradiated optical-CT scans and constitute maps of the net of the irradiated dosimeter. The normalized dose profiles taken in different times post irradiation indicated a very good temporal stability (data not shown). Fig. 7 illustrates the raw sinograms (top row) along with the corresponding axial images (bottom row) obtained from a 360 (A) versus a 180 (B) reconstruction at level 3 of the test irradiated dosimeter. The greyscale bar represents different values of the net attenuation coefficient. Image C in Fig. 7 illustrates the difference between B and A images, which is obtained after subtraction. The residual is well below mm suggesting that the two reconstructions provide essentially the same axial slices. This finding confirms that the parallel beam geometry may be safely employed for the image reconstruction by the apparatus presented in the current study. Moreover, it implies that 180 instead of 360 rotation scans may be performed in the data acquisition process, thus significantly reducing the scanning time. The FOV of the optical CT scans performed in our experiments was 9 cm 11 cm, while the ROI was confined within a maximum of cm diameter circle in the middle of the FOV. Therefore, although the edge optical rays may come at an angle relative to the scanner's optical axis, the optical rays emanating from the middle of the FOV (5-cm-diameter ROI) may be considered to be parallel.
D. Evaluation of the Experimental Treatment Irradiation
Shown in
The above reinforce the notion that the optical configuration embodied in our system broadly approaches the telecentric condition, provided that the examined dosimeter does not exceed 5 cm diameter, i.e., the aperture size of the zoom lens. In Section II-A, it was stated that the iris diaphragm of the zoom lens was set at a quite small opening to accomplish a long DOF. It should be noted here that by closing the iris diaphragm in a telecentric optical configuration, it further forces the rays to be parallel along the optical axis of the system.
The calibration experiment with the 2-cm and 5-cm-diameter vials showed that the dose sensitivity of the VIPET dosimeter is not considerably affected by the increased scattering induced by the increased pathlength. This is facilitated by the fact that the optical configuration adopted by our optical-CT system approaches the telecentric condition. This is in agreement with [16] , which demonstrates the ability of another CCD-based scanner, which adheres the telecentric approach, to image scattering gel dosimeters.
In Fig. 8(a) , a projection image of the dosimeter similar to that shown in Fig. 5(a) , is illustrated. The difference between Fig. 5(a) and Fig. 8(a) is that in the latter the RI matching liquid has been removed and the dosimeter was scanned in free space. Fig. 8(b) illustrates a reconstructed axial slice along level 1. A comparative evaluation between the dose profiles derived from the scan performed with the use of RI matching fluid [line "A," see Fig. 6(a) and (d) ] and in free space, is illustrated in Fig. 8(c) . As seen in Fig. 8(c) , the free in space dose profile curve is widened compared to the corresponding curve derived from the scan with the RI matching fluid. The dashed curve shows the percent dose-difference between each individual data point derived from the two independent scans. This curve indicates that there was an up to difference in the recorded relative dose distribution when RI matching tank was removed and the scan was performed in free space. This divergence is most probably attributed to the induction of geometric distortion, which is caused by the mismatch in the RI among air, glass, and gel. In Sections III-B and III-C, it was shown that in constantly attenuating gel materials along the entire diameter of the dosimeter, free in space optical-CT scans may provide homogenously distributed reconstructed attenuation values. However, the comparative evaluation of the reconstructed images obtained by the two independent scans in inhomogeneous dose distributions reveals that the use of RI matching fluid is inevitable to avoid distortion. Shown in Fig. 9 are the R2 ( ) maps at the three levels of the irradiated dosimeter (a)-(c) and the corresponding profile curves (d)-(f) along the dotted lines drawn over the irradiated regions as shown in Fig. 9(a)-(c) . A comparison between Figs. 6 and 9 reveals that there is a good agreement in the recorded dose patterns between optical-CT and MRI. As stated in Section II-E, the thickness of the MR slices was 5 mm versus 160 of the optical-CT slices. To directly compare the dose distributions provided by the two imaging modalities we generated 5-mmthick optical-CT images out of 31 consecutive optical-CT slices. A comparative representation of the independently measured dose distribution along profile "A" at level 1, is shown in Fig. 10 . The dashed curve shows the percent dose-difference between each individual data point derived from the optical-CT and the MRI scan. This curve indicates that the difference in the read out between the two imaging modalities does not exceed 2% in the high dose region and is less than 7% in the steep dose gradient regions of the irradiated volume. Similar agreement in the readout between optical-CT and MRI scans was found for slices in levels 2 and 3.
An evaluation of the dosimetric performance characteristics of N-Vinylpyrrolidone based polymer gels using MRI for readout showed that the estimated error in the R2 calculation of dose does not exceed 2.2% at 20 Gy [21] . Recently, the N-Vinylpyrrolidone based polymer gel has been successfully employed for the measurement of small stereotactic radiosurgery beam dose profiles [24] and the characterization of cyberknife radiosurgical photon beams [28] . To our knowledge there is no data reported in the literature on the readout of this dosimeter using an optical based imaging modality. The results of this study demonstrate that the optical-CT-based dose response of the VIPET polymer gel formulation preserves the advantage of a 3-D dosimeter with a wide linear dynamic range (32 Gy), similar to that reported in the MR-based read out of the same dosimeter [22] . This range, which is significantly wider than that prescribed by other polymer gel formulations, [9] , facilitates the use of this dosimeter in radiotherapy applications where irradiation treatments in wide dose ranges are applied.
Several studies have been published in the literature on the readout of 3-D radiation dosimeters using CCD-based optical-CT scanners. Sakhalkar and Oldham [14] have coupled a custom made telecentric lens to a CCD to image a cm cm FOV. To our knowledge the cost of a telecentric lens required to image the above FOV is about 10 times the cost of a simple zoom lens and may be up to 30 times as much to reach a cm cm FOV. Moreover, Sakhalkar and Oldham [14] have used a metal halide illuminator as a light source, which costs 30 times as much more compared to the LED illumination array employed in our system. Krstajic N and Doran [16] , [17] have presented another CCD-based optical-CT scanner, which employs the telecentric imaging approach. A collimated light illumination beam is created using a single LED diode and two 145-mm-diameter lenses. The LED is placed behind a 1-mm-diameter pinhole. The dosimeter is placed in between the two lenses and a maximum 10 cm 10 cm FOV may be achieved. In this set up the extremely low light conditions provided by the single LED diode and the pinhole, make the use of a cooled CCD chip mandatory to allow for low noise image acquisition. Multiple images per projection and binning are also necessary to achieve reasonably good SNR. The above in turn lead to very long acquisition times. The optical-CT scanner presented in our study is differentiated from that developed by Krstajic and Doran [17] , in the following aspects: 1) the time required for a 180 acquisition scan of this scanner is typically 1 h and 40 min compared to less than 3 min for our scanner; 2) the cost of a cooled CCD is much higher than that of a simple inexpensive camera that we have embodied in our system; 3) the small LED aperture (1 mm) renders the system sensitive to refractive index inhomogeneities (or schliere), which exist within the dosimeter. No such effect was observed in our system. DeJean et al. [29] , have presented initial results on the use of another commercial cone beam CCD-based optical-CT scanner (Vista, Modus Medical Devices, Inc.). Babic et al. [18] have recently used the above scanner for 3-D dosimetry of small megavoltage radiation fields using radiochromic gels. The difference between the Vista scanner and the scanner presented herein lies in the algorithm employed for the image reconstruction. The parallel projection geometry algorithm is considered in our system as opposed to Vista, which employs the cone projection geometry.
This means that image reconstructions may be derived out of 180 scans compared to the 360 scans required for Vista, thus significantly reducing the acquisition time. A significant advantage of the Vista scanner is the wide FOV, which can reach 15 cm 12 cm compared to the 5 cm 5 cm of our system. As already stated, for the parallel beam geometry to be satisfied, the aperture of the zoom lens must not exceed the diameter of the gel container. This limits the applicability of our system in gel dosimeters to a maximum of 5 cm diameter, which prevents its use in the clinic where dosimeters with a larger size are usually encountered. Further experiments are needed to investigate whether zoom lenses with larger clear apertures may be employed to effectively increase the size of the imaged gel volume.
IV. CONCLUSION
We have introduced a new bench top optical-CT scanner capable of providing relative 3-D dosimetry with the use of normoxic N-Vinylpyrrolidone based polymer gels. It is true that the scanner developed in the current study shares the same concept with commercially available systems, i.e., a combination of a wide area LED light source, a motorized rotation stage and an area detector. The key performance characteristics of this scanner, which improve the field over existing CCD-based systems are the: 1) very high speed of data acquisition (less than 3 min in the 180 scanning mode), 2) very low cost of system components, and 3) ease of system design, realization and implementation. Our results demonstrate that a full 3-D relative dose distribution can be measured with high spatial resolution. A comparison between optical-CT scans performed with and without the use of the RI matching fluid revealed that RI matching is necessary to avoid distortion of the acquired dose distributions. The calibration procedure performed at two different dosimeter volumes, which resemble attenuation in different scattering conditions, showed that linearity between reconstructed attenuation coefficient and dose is preserved in a wide dose range up to 32 Gy. Dose readout from our scanner was found to be in good agreement with independent readout performed with MR imaging. In conclusion the findings presented in the current study suggest that normoxic N-Vinylpyrrolidone based polymer dosimeters combined with the prototype optical-CT scanner constitute a potentially feasible method capable of measuring 3-D dose distributions with high resolution and in a wide dose range.
